More than fifty low and medium income countries rely on the sea for their economies. Despite its importance, there is a lack of oceanographic scientific data from these countries due to the high cost of equipment and to the running costs of measurement campaigns. In this paper we present a low-cost drifter based on a LoRa communication platform and tested in a coastal area (Gulf of Trieste). The system, built using lowcost off-the-shelf components, has at least the same performances of drifters that cost about three times as much and its operation does not require any recurring costs. The use of a LoRa allows several drifters to operate simultaneously in the same area, providing a rich and homogeneous database for the statistical post processing. The high transmission rate allows an almost instantaneous position determination, facilitating the drifter recovery for successive reuse, which is essential in developing countries.
Introduction

International context
The coastal oceans and seas host many of the most productive marine ecosystems that provide nutrition, health and other ecosystem benefits to humankind, and their dependency on the ocean is likely to increase with population growth. The world counts 54 lower and lower-middle income coastal and island countries where the sea represents the base for their economies, is pivotal to their culture and may contribute to the economic inequality reduction [1] . Unfortunately, (but not surprisingly) these coastal areas are among the least monitored in the world. Conversely, the desirable boost of the 'blue economy' relays upon the development of sustained observing capacities to provide the knowledge necessary for the integrated coastal and marine area management, smart marine * Corresponding author. Email: mzennaro@ictp.it spatial planning and an effective implementation of Marine Protected Areas to protect marine biodiversity. The lack of human and infrastructural capacity together with the urgency of the development of coastal observation network has been recently addressed by a number of high level official resolutions (target 14.8 of the UN 2030 Agenda for sustainable development 1 , G7 Science Ministries Turin Communiqué) and innovative cooperation projects (e.g. POGO-sponsored OpenMODs [2] ).
To meet these demanding requirements a promising approach is to apply the Internet of Things (IoT) 1 technology to the marine environment implementing a pervasive network of cost-effective equipment. The idea is recently gaining popularity under different names (DARPA's Ocean of Things, Internet of Marine Things [3] , Internet of Things for the Ocean [4] ) and with different nuances in structure and communication solutions to respond to different user needs ( i.e. safety and security, e-navigation, environment monitoring, hazards mitigation). Here we intend for the first time to showcase the observing potential of the combination of a cheap surface current-following buoy (drifter) with a LoRaWAN-based communication system as a proofof-concept for an IoT network of cooperative platforms designed to be easily implemented with limited resources in developing countries. The article presents a brief survey of drifter models and communication options, then the novel solution is discussed in terms of the data transmission, drifter design, experimental results, lessons learned and future perspectives.
Background
Surface drifters are the most modern version of the drift-bottles used in the early 1900s to follow surface currents. Since the advent of satellite telemetry and positioning in the early 1980s, satellite-tracked drifters have been widely used to measure near-surface currents in all the world's ocean basins. Once deployed from research vessels or ships of opportunity (sometimes also from aircrafts), they are tracked and can transmit their ocean observations to land stations via satellite relay or direct radio link. Nowadays the drifter population in the World Ocean is around 1500 units and is maintained through international efforts coordinated by the Global Drifter Program (GDP) [5] .
Drifters are mobile instruments which ideally move with the water surrounding them and therefore are almost entirely submerged. Part of their structure is necessarily outside the water to facilitate their localization and data transmission, and is thus exposed to the local surface winds. Their structure is overall positively buoyant and designed to minimize the effects of wind and to maximize the drag area. The drag ratio between the emerged and submerged drifter structure usually is at least 1:40 and guarantees that the instrument follows quite accurately the near-surface currents.
The most common drifter designs used for the study of the near-surface currents are the Surface Velocity Program (SVP) drifter with a subsurface cylindrical drogue centred at 15-m nominal depth [5] [6] and the Coastal Ocean Dynamics Experiment (CODE) drifter [7] . For coastal and marginal sea applications where the observations of the current speed and direction within the top meter of the water column is of more interest, the CODE drifters are preferred and widely used.
The CODE drifter consists of a negatively buoyant 1-m vertical tube from which 4 vertical cloth planes extend radially. Four foam balls attached on the upper extremities provide net positive buoyancy and maintain the antenna out of the water. Comparisons with current meter data [7] showed that the CODE drifters follow the current of the first meter below the surface to within 3 cm/s, even during strong wind episodes. Recently Poulain and Gerin [8] studied the waterfollowing characteristics of the CODE drifter using direct measurements of relative flow around the drifters in various wind and wave conditions. They confirmed that the CODE drifter is a good quasi-Lagrangian instrument with a limited downwind slip of about 0.1% of the wind speed.
The fundamental component of the drifter is the system that localizes the instrument and sends the data to land. The early CODE drifters used the Argos Data Collection and Location Systems hosted on polar orbiting satellites for both the localization and the data transmission. The Doppler-based Argos tracking has an accuracy of 300 -1,000 m and positions are typically available 6 to 12 times per day. Currently, standard CODE drifters use GPS receivers to obtain more accurate (~10 m) and more frequent (hourly or even every 5 minutes) positions and transmit data via satellite systems (e.g. Iridium). A number of drifters for coastal operations equipped with GPS use terrestrial cellular phone networks (GSM).
The standard CODE drifters provide useful data for a period of several months to a year depending on the battery and sampling rate, and are considered disposable since they are sealed and their batteries cannot be replaced. Their purchase cost is low considering the prices of other oceanographic instrumentation, but can be highly reduced in view of the simplicity of the drifter design and the availability of inexpensive localization and data transmission systems in the market (e.g. platforms based on micro-controllers or embedded computers as Arduino, Raspberry, etc.).
Besides positioning and transmission system the drifter can host additional sensors useful for meteorology (e.g. SVPB drifter is equipped with a barometric sensor), physical oceanography [9] and marine biology [10] . Since the cost, size and power consumption are constantly decreasing, more and more sensors are expected to be mounted on drifters in the upcoming years.
It is important to note that a current-following object like a drifter tracks in space and time a process that is intrinsically stochastic and can be modelled by generalized Langevin equations [11] . To transform the observations collected by the drifters into a statistically robust estimate of the currents in predefined areas, a large drifter array is therefore needed. This in turn implies that the cheaper the instruments and the operation cost, the larger geographical coverage and the higher horizontal resolution are achievable, while keeping the cost constant. In coastal areas experiments with 20-40 drifters are not uncommon [12] and therefore an IoT approach seems to meet quite well these requirements.
Communication options
The only communication systems that can provide reliable global coverage are those based on Satellites that relay signals from any point of the earth to a number of ground stations conveniently located and with good connectivity to the terrestrial communication infrastructure. Geostationary satellites move at the same angular speed as the Earth, and appear to be in a fixed position to the observer on Earth. They must lay on an equatorial orbit about 36000 km away which implies very high transmission losses, that must be overcome using significant transmission power and big size antennas. These two conditions preclude using them for drifter applications which cannot support big antennas and high energy consumption. Low Earth Orbit Satellites (LEO) fly at altitudes of a few hundred kilometers, on polar or inclined orbits, so they can be reached with small antennas and modest transmitted power and therefore low power consumption, therefore they have been successfully employed in maritime applications, although for bidirectional service they can be quite expensive.
The first LEO constellation installed was Iridium [13] , in which 66 small satellites provided truly global bidirectional coverage (including regions at very high latitudes, not served by GEO satellites) by leveraging direct satellite to satellite links. Although the initial deployment went bankrupt because it was too expensive, Iridium was later revamped with a new administration and it is currently offering both bidirectional and unidirectional services that are used for wireless sensors applications.
Unidirectional systems able only to transmit data to the satellite and not vice versa are more affordable. An example is the above mentioned Argos Data Collection System, in which a satellites at about 850 km of altitude pick up signals transmitted from the sensors, store them on-board and relay them to the ground stations. Other examples are the Iridium and Globalstar satellite telemetry systems used for example by the SPOT trackers [14] . Drifters using these systems are fitted with GPS receivers which provide accurate measurements of position (and speed), which are transmitted to the satellites. GPS position accuracy (10 m) is much better than the one obtained with Argos (300-1000 m).
For coastal areas, terrestrial systems can be leveraged to collect drifters data. GPRS and GSM services, based on the pervasive cellular networks offered by many operators worldwide, is used with coverage of a a few kilometers from the coast. WiMAX can extend this coverage a little further, but the power consumption and recurring monthly fees are obstacles for wider adoption of these solutions in developing countries.
On the other hand, Low Power, Wide Area Networks (LPWAN) can offer significant advantages in terms of coverage and cost, since they are designed to transmit short and infrequent messages at long distances and with low power consumption. The two most promising LPWAN offerings are Sigfox and LoRa, which have about the same range. Both have been deployed worldwide in terrestrial applications by many operators. The LPWAN architecture is based on battery operated end devices (wireless sensors), that transmit to a Gateway (often grid powered) using some proprietary protocol. The Gateway then connects to a variety of servers and applications using standard protocols and communications media. The infrastructure is managed by commercial operators which charge a monthly fee for their service. LoRa can also be independently deployed by any organization willing to install one or more Gateways in suitable positions to receive data from the end nodes, which paves the way for universities, research institutions and local governments to deploy the technology even in a resource constrained environment.
Introduction to LoRa
LoRa is a modulation technique aimed at transmitting sparse messages of limited length at long distances using low power and therefore allowing extended battery duration. This is accomplished by using a much higher transmission bandwidth than the minimum required for the data to be conveyed, in what is called spread spectrum, a technique widely used in radar, WiFi and cellular systems. The increase in spectrum occupancy beyond the bandwidth of the original data is determined by the so called spreading factor, SF. Concurrent data streams can be simultaneously transmitted without interference thanks to the orthogonality among the signals modulated with different SFs, thus allowing for a more efficient usage of the allotted bandwidth. The transmitted waveform consists of pulses of linearly increasing or decreasing frequencies, called "chirps", which are interrupted in accordance with the data pattern being transmitted. This makes the signal quite tolerant to Doppler shift and other factors that cause differences between the transmitter and receiver clocks, as well as other sources of interference and noise. In fact, when the highest spreading factor is used the LoRa receiver is capable of decoding signals that are 100 times less powerful than the noise floor of the receiver. This in turn entails a significant increase in the available range. The carrier frequencies used are in the unlicensed bands, so no previous permission is required for its deployment.The occupied bandwidth
A significant advantage is that both LoRa and LoRaWAN can be installed and maintained directly by any entity willing to undertake such an effort without having to pay monthly recurring cost to any provider, which is not possible for Satellite or Cellular solutions.
The Things Network (TTN)
One of the members of the LoRa Alliance has promoted the installation of LoRaWAN gateways that are open and free to use by anyone. There are already thousands of TTN [16] gateways in countries all over the world, and anyone can use them, build applications leveraging such infrastructure, or feed existing applications with one's end devices, for example to display the position of a drifter in a map, as well as other information transmitted by it. Anyone can install a TTN gateway, and the only requirement is internet access so that it can be registered in the TTN organization and connected to the network and application servers.
Design of a low-cost drifter
In order to reduce the cost of drifters and make them available to scientists in developing countries, we redesigned the mechanical structure and we developed a new electronic device that uses the Internet of Things concept (low cost, small size, low power consumption, long distance).
Mechanical Design
The design of the CODE drifter structure can be easily replicated using universally available off-theshelf products. In particular, the low-cost CODE drifter proposed is built out of parts from the building industry (the vertical tube which constitutes the main section of the structure and the smaller tubes which form the arms and the antenna mast, as well as the floating buoys), from the fishing industry (the ropes that join the buoys to the drifter arms) and from residential electrical components (the box containing the electronic and the batteries), as shown in Figure 1 . The arms' slots (top and bottom) and the box coupler which joins Figure 1 . Low-cost CODE drifter equipped with LoRa transceiver in the box the antenna mast with the waterproof (IP68) box were milled from a block of PVC (poly Vinyl Chloride). Both the internal and the external diameters of the tubes as well as the diameter of the floating buoys are slightly different from the values of the original design, but the buoyancy and the centre of gravity were adjusted to very closely match those of the standard CODE drifter (compare Table 3 and Table 6 of [17] ).
Electronic Design
The electronic of the drifter has been designed to perform the following tasks:
• Measure the position via GPS
• Store the data locally in a microSD card on the electronic board
• Send the data using LoRaWAN to one ore more gateways which then forward them to the server through the Internet connection. 4 
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To perform such tasks we chose a LoPy board [18] from Pycom fitted with a PyTrack module. The LoPy is an embedded device running microPython which in addition to a microcontroller has three radios for WiFi, Bluetooth and LoRa. It has an external antenna connector and during our tests we used a small omnidirectional rubber duck antenna and an adhesive flat antenna. The PyTrack is an additional module with a GPS receiver, a microSD card holder and an accelerometer. The whole system can be powered via microUSB using an external battery. We did not implement the deep-sleep functionalities of the board as our tests were short and the external battery provided enough power, but they will be included in the next iteration of the design.
Operational tests at sea
The drifter equipped with the LoRa transceiver was deployed for the first time at sea on October 17th, 2017 in the Gulf of Trieste (northern part of the Adriatic Sea), to test the performance in the marine environment of the antenna at sea-level with a single LoRa Gateway. The experiment lasted for about one hour, then the drifter was recovered and stored on board the boat while we kept cruising the Gulf to assess the coverage of the gateway .
A second test at sea was performed on March 22nd, 2018, (Figures 2 and 3 ) to assess the drifter performance under stronger wind and using two LoRaWAN gateways. Winds were moderate (Bora from E-NE) and increased a bit during the experiment [19] .
We setup the LoPy board so that it would send GPS data every 30 seconds to the TTN gateways and save the same data every 10 seconds on the microSD card as backup. We deployed one drifter with both LoRa and SPOT transmitters and another drifter with only the SPOT device. Both SPOTs were configured to send data every 15 minutes.
During the first phase of the test, the drifters were released offshore, as shown in Figure 3 , and left adrift within the wind-generated current for about one hour. Then, the drifters were recovered and re-deployed near the coast where the effect of the wind on the current was less evident and the drifters could describe small scale features. The second phase lasted about 2.5 hours.
Once back in the lab, we tested the GPS accuracy by placing both the PyTrack and the SPOT on the ICTP building's roof, with clear sky view.
Results and discussion
LoRaWAN coverage
The October 2017 test demonstrated a good coverage of the system in terms of Received Signal Strength Figure 5 shows the links from the LoRa transmitter on the drifter to the two gateways. In many measurements, both gateways were receiving data, and the TTN server would select the gateway which had received the stronger signal to forward this data to the application server in the Internet. Figure 6 shows the coverage in terms of Received Signal Strength Indicator (RSSI), where the yellow dots indicate an RSSI up to -109 dBm and red indicate an RSSI up to -115 dBm. While these values are considered at the limit of what can be decoded by most wireless systems, the LoRa chipset in the LoPy has a sensitivity of -134 dBm, leaving ample margin for farther links.
Drifter trajectories
The trajectories of the drifters during the two phases of the second test carried out in March 2018 are shown in Figures 7 and 8 . Both drifters move coherently with the surrounding waters and diverged less than 5-10 m (compare the green and red lines derived from the respective SPOT transmitters). The blue track depicts the data sent by the LoRa transceiver while the red one shows the data from the SPOT transmitter, both mounted on the same drifter. Obviously, the trajectory depicted by the LoRa is much more detailed than the one recorded by the SPOT, since the first transmits every 30 seconds while the latter every 15 minutes. During the second phase we also artificially generated a current anomaly with the propeller of the boat for about 4 minutes in the south direction. PyTrack recorded the anomaly three times (at about 13.7085°E).
GPS accuracy
We recorded the GPS position measurements at a fixed location on top of ICTP building for about 24 hours using the PyTrack module and the SPOT next to each other. The PyTrack collected 2310 measurements (one every 30 seconds), while Spot sent 262 measurements (one every five minutes). The results are shows in Figure  9 . The GPS accuracy obtained by the LoRa system (and by the SPOT) is comparable to that of the standard CODE drifter (about 8 meters, [20] ). The SPOT showed a couple of erroneous spikes while the PyTrack did not.
Discussion
The main results can be summarized in the following points: • The LoRa gateways configuration showed reliable data transmission up to 10km with two different types of antennas mounted on the drifter, about 30 cm above the sea surface. Additionally, given the results of other tests at sea that we have performed we estimate that much longer links are feasible with the same gateway.
• The positions obtained from the PyTrack mounted on the LoRa board are comparable to those transmitted by the SPOT mounted on the same drifter. LoRa allows much higher (up to 1 Hz) Figure 9 . GPS fixes recorded on-top the ICTP roof (displacements in m)
sampling rate than the SPOT which can send data up to every 5 minutes. In the March 2018 experiment the LoRa system was able to record a current anomaly artificially generated for a limited period of time (4 minutes) while the SPOT did not catch it. Such a higher resolution enables the study of smaller horizontal structures with better temporal resolution. Hence, it allows to better describe the dispersal of pollutants and contaminants and to study the dominant physical and biogeochemical processes near the ocean surface.
• The higher sampling rate allowed by the LoPy devices enhances the chances of being able to recover the drifter when longer tests are performed. This is an important feature for deployments in developing countries where the budget for scientific devices is very limited. In strong current conditions, a sampling rate of 30 seconds Vs one of 5 minutes can make a huge difference.
• The limited GPS resolution neutralises the observational potential provided by the high end of temporal sampling frequency range achievable by the LoRa transmitter that is potentially very useful for parameter estimate of directional wave motion and other processes with higher temporal variations. This could be addressed by using a differential GPS system that is able to offer a significant improvement of accuracy. In future work we will explore this capability. [23] were carried out at sea using together the low-cost and the standard CODE drifters. They demonstrated the equivalence of the two designs both in terms of currentfollowing capabilities and mechanical behavior.
Drawing from the tests discussed in the above paragraph, previous experience and relevant literature, a comparison of drifter transmission technologies: GSM (Cellular), LoRaWAN, SPOT, Standard (commercial) is given in Figure 10 . Their suitability to the ideal system requirements is assessed by means of seven indicators evaluated with a score ranging from 0 (lowest) to 5 (highest).
The cost of the equipment and the running cost of the measurement campaigns together with the possibility of easily recover and reuse the instrument are essential aspects for the developing countries.
The standard commercial drifter (available on the market) has the worst score in the corresponding indicators. It costs more than a thousand euros and data are transmitted via satellite link under a service contract (50-100 euros/month per unit with hourly transmission); additionally, the instrument is not expandable and its batteries cannot be replaced. On the other hand the standard drifter is well suited for open ocean applications having a global transmission coverage and a larger battery autonomy (more than a year).
In the case of coastal applications (on which the developing countries are much more oriented), the limited battery life and the transmission coverage do not seem to be a real obstacle since the space and time scales investigated are well within these limits. In addition, some straightforward improvements can enhance the performances (i.e. additional batteries pack in the existing housing and the possibly use of LoRa satellite communication in the near future).
LoRa exhibits the best scores in almost all indicators of Figure 10 ; GSM and SPOT technologies are in between.
The cost of GSM and SPOT tracking devices is around 100 euros while LoRaWAN costs less than the half. LoRaWAN outclasses all the transmission technologies in the expandability (the LoPy board is ready to host several additional sensor as plug and play systems), in frequency acquisition (up to 1 Hz) and in the transmission costs (TTN gateway costs about 100-200 euros one-time, while data are transmitted at no cost). GSM drifter must to be within the coverage of a terrestrial cellular phone network (which is not always guaranteed for free drifting buoys) and to subscribe a service contract with recurring costs and possible roaming issues. 
Conclusions and future work
The pilot application of a LoRaWAN low-cost drifter in a coastal area (Gulf of Trieste) has shown that the system, built using low-cost off-the-shelf components, has at least the same performances as drifters which cost about three times, and does not incur in the cost of the Iridium/SPOT transmission services. The use of LoRaWAN can allow a multiplicity of drifters to operate simultaneously in the same area, providing a rich and homogeneous database for statistical post processing. The high transmission rate allows an almost real time position reporting, simplifying the drifter recovery for a successive reuse. A limited number of LoRaWAN gateways ensures a good coverage for relatively large semi enclosed basins. For longer distances from the coast, it might be possible to use the LoRaWAN satellite technology that some companies are starting to offer as a service [24] .This is well suited for any Internet of Things (IoT) devices that need broader, continuous coverage, eliminating the range limitation imposed by terrestrial gateways. The associated recurring costs might be justified for operation at very long distance from the coast. Additional improvements can be achieved (at no cost) by integrating three accelerometers on the PyTrack to obtain the 3D displacements and to estimate the parameters of the directional wave motion. These are very important for coastal protection and coastal activities. The use of differential GPS can significantly improve the accuracy of position determination, which allows for other research applications which require better granularity of this parameter. We will implement differential GPS in future work.
